In this study, rapid drawdown scenarios were analyzed by means of numerical examples as well as modeling of real cases with in situ measurements. The aim of the study was to evaluate different approaches available for calculating pore water pressure distributions during and after a drawdown. To do that, a single slope subjected to a drawdown was first analyzed under different calculation alternatives, and numerical results were discussed. Simple methods, such as undrained analysis and pure flow analysis, implicitly assuming a rigid soil skeleton, lead to significant errors in pore water pressure distributions when compared with coupled flow-deformation analysis. A similar analysis was performed for the upstream slope of the Glen Shira Dam, Scotland, and numerical results were compared with field measurements during a controlled drawdown. Field records indicate that classical undrained calculations are conservative but unrealistic. Then, a recent case of a major landslide triggered by a rapid drawdown in a reservoir was interpreted. A key aspect of the case was the correct characterization of permeability of a representative soil profile. This was achieved by combining laboratory test results and a back analysis of pore water pressure time records during a period of reservoir water level fluctuations. The results highlight the difficulty of predicting whether the pore water pressure is overestimated or underestimated when using simplified approaches, and it is concluded that predicting the pore water pressure distribution in a slope after a rapid drawdown requires a coupled flow-deformation analysis in saturated and unsaturated porous media.
Introduction
Drawdown may be a critical factor in the stability of slopes that are initially partially or totally submerged. The reduction of water level has two effects: reduction of the stabilizing external hydrostatic pressure due to the unloading effect of removing water, and modification of the internal pore water pressure. It is well known that if the drawdown velocity is too high, a delay is produced in the dissipation of pore water pressures inside the slope, and the remaining excess pore water pressures may induce a slope failure. The effects of water drawdown on the stability of slopes and dams have been reported from different perspectives based on laboratory tests Wang et al., 2012) , numerical analyses (Viratjandr and Michalowski, 2006) , and limit analyses (Gao et al., 2014) . Previous research includes evaluation of the effect of the hydraulic properties through solution of the uncoupled-flow problem (Song et al., 2015) , investigation of the influence of drawdown on slope stability using a flow program for calculation of transient seepage and a coupled program for deformation and stability analysis (Berilgen, 2007) , presentation of coupled flow-deformation analysis (Brinkgreve et al., 2015) , and analysis of real cases (Zhang et al., 2010; Li et al., 2010) . In addition, examples of drawdown-induced failures can be found in Sherard et al. (1963) and Lawrence Von Thun (1985) .
The estimation of pore water pressure distributions due to a drawdown is therefore an important factor in analysis of the slope stability. Historically, two approaches to predicting the pore water pressure regime after a drawdown have been developed: undrained analysis and the flow method. The first has been applied to the case of relatively impervious soil slopes, in which pore water pressures do not dissipate during drawdown events. Therefore, only the effect of the change in the total stress against the slopes is incorporated in the calculation. Early descriptions of this approach were published by Skempton (1954) and Morgenstern (1963) , and more recent descriptions have been published by Lane and Griffiths (2000) and Vandenberge (2014) . The second approach involves the calculation of drawdown-induced pore water pressures by means of solving the flow problem caused by a change in hydraulic boundary conditions. This method implicitly assumes that the soil skeleton is rigid. Therefore, it does not consider any modification of the initial pore water pressure induced by the change in the total boundary stress. In addition, as long as no mechanical equations are solved in this approach, no effects of soil deformation during drainage are included. Methods developed to handle this problem include flow net analysis (Reinius, 1955; Cedergren, 1967) ; methods based on an ad hoc hypothesis (typically Dupuit-type assumptions) (Brahma and Harr, 1962; Stephenson, 1978) ; finite element analysis of flow in saturated soil, which requires calculation of the position of the free surface (Desai, 1977; Cividini and Gioda, 1984) ; and finite element analysis of saturated and unsaturated flow (Neumann, 1973; Pauls et al., 1999) .
In practice, neither of these approaches can reliably approximate the situation in the field, because natural and compacted soils do not behave in a rigid or undrained manner. A coupled flow-deformation analysis should be used to obtain a drawdown-induced pore water pressure distribution. A general formulation has been applied in this analysis, including equilibrium equations and balance equations of fluid and gas, to solve the drawdown problem in a coupled way. However, when only the flow problem is solved, but the mechanical equations are not considered, we refer to this case as uncoupled analysis, in which soil is assumed to be rigid. The undrained case is solved by means of the fully coupled formulation without allowing water flow.
The drawdown in a single slope is discussed first in this paper, to highlight the convenience of using a coupled flowdeformation approach. Then, a controlled drawdown event carried out at the Glen Shira Dam, Scotland, is presented. This case allows the validation of the computational results through comparison with field measurements. Finally, the paper also describes an incipient landslide located in the left margin of the Canelles Reservoir. The landslide was triggered by a reservoir drawdown. A hydro-mechanical analysis of a representative cross-section consistent with the available data is presented.
All the analyses presented were conducted with the finite element program Code_Bright. A theoretical description of this code is given in Olivella et al. (1996) . The code was developed based on the finite element method for analysis of thermo-hydro-mechanical problems in geological media. The code deals with the deformable porous media as a mixture of three phases (solid, liquid, and gas). Solid corresponds to minerals, and liquid and gas correspond to water and dry air filling the pores, respectively. The theoretical approach consists of a set of governing equations, including a momentum balance equation, a mass balance equation, and constitutive laws. The latter describe thermal and hydraulic convective and advective flows, density changes of the components due to changes in stress and temperature, capillarity pressure evolution, and the constitutive mechanical response of the porous media. Several constitutive models are currently implemented. In this study, two models were used to simulate the soil response. A linear elastic model that requires two parameters (Young's modulus and Poisson's ratio) was selected as a simple model to analyze the effect of the mechanical response on the pore water pressure evolution in slopes subjected to a drawdown. A more complex constitutive model was used when evaluating the effect of the elastoplastic behavior observed in soils. The Barcelona basic model (BBM) presented by Alonso et al. (1990) was selected as a proper constitutive model for simulating the soil response in saturation and unsaturation conditions. It is a critical state model defined in terms of the net stress (the total stress in excess of the air pressure) and suction (the difference between the pore water pressure and air pressure), which can simulate the dependence of the stiffness and strength on suction and collapse (the soil deformation at a constant stress due to the reduction in suction).
2. Drawdown-induced pore water pressure in simple slope Fig. 1 shows the geometry of a single slope analyzed in this section. The slope, initially fully submerged, experiences a drawdown of the water level (50 m). The figure also indicates the positions of two singular points P A and P B , discussed below.
An elastic constitutive law was used to characterize the soil. Concerning the hydraulic description, the retention curve was defined by means of the Van Genuchten (1980) model. In the model, the parameters P 0 and L control the air entry value and the shape of the retention curve, respectively, and had assigned values of P 0 ¼ 0.30 MPa and L ¼ 0.33 in this study. The maximum and minimum degrees of saturation S rmax and S rmin were assumed to be S rmax ¼ 1 and S rmin ¼ 0, respectively. The relative permeability (k rel ) varied with the degree of saturation (S r ), following a cubic law (k rel ¼ k sat S 3 r ). A constant saturated permeability, k sat , with the value of 10 À10 m/s, was used in all the calculations. This is a low value, typical of an impervious material in engineering applications.
The pore water pressure in the initial state was considered to be hydrostatic, determined by the maximum water level at the top of the slope. The case of an instantaneous drawdown was considered first. If the soil is assumed to be rigid, the change in the total stress induced by the drawdown will produce no change in the volume of voids and subsequently in pore water pressures. In contrast, in a coupled analysis, the pore water pressure changes with the stress-strain behavior of the soil skeleton. In the present study, several elastic moduli of soil were considered (E ¼ 10000 MPa, 1000 MPa, and 100 MPa). The first case corresponded to a stiff material (a soft clayey rock, for instance). The second case was an upper limit for a very rigid, compacted, and low porosity material. The third case was a reasonable assumption for a well-compacted well-graded soil. Fig. 2 shows the calculated evolution of pore water pressures after the instantaneous drawdown at point P B . In the case of a rigid soil, no immediate effect of the drawdown occurs, as expected. In the coupled analysis, the instantaneous pore water pressure drops in relation to the compressibility of the soil skeleton.
The stiffer the soil is, the more limited the stress induced change in the pore water pressure will be. Immediately after the drawdown, a dissipation process begins. The rate of pore water pressure dissipation is controlled not only by the initial conditions after the drawdown, but also by the permeability and stiffness of the soil. In an uncoupled analysis, the calculated dissipation rates are higher, because of the implicit assumption of an infinitely rigid soil. Eventually, all cases result in the same long term solution.
The coupled analysis leads systematically to lower pore water pressures than the uncoupled (pure flow) analysis during the initial stage of dissipation. This is due to the effect of the initial state after the drawdown, controlled by the change in stress. However, since pore water pressures dissipate faster for a stiffer soil, this situation changes after some time, and pore water pressures recorded may also cross at some particular time, depending on the position of the point in the slope. Note also that a complete steady state is not reached at the end of the simulation period in this study.
A realistic condition concerning the drawdown rate (v ¼ 0.5 m/d) can be imposed. During the drawdown, boundary conditions of the upstream slope follow a seepage face condition: the boundary is assumed to be impervious unless the calculated pore water pressure at the boundary becomes positive. In this case water flows out of the slope under a seepage face condition. Three elastic moduli spanning the range of 100e10000 MPa were considered in this study. A low value for the saturated permeability was adopted so that the differences between coupled and uncoupled analyses could be highlighted. Of course, these differences decrease as the soil becomes more pervious.
At point P A , all the coupled analyses led essentially to the same response. This is because variations in the instantaneous response were erased by the simultaneous dissipation of pore water pressures. For the stiffer materials with E ¼ 1000 MPa and 10000 MPa, pore water pressures remained slightly higher than the values of common soils that generally exhibit more compressibility. However, the pure flow analysis was far from the correct answer.
It may be argued that the pure flow analysis is a conservative approach in terms of slope safety against failure. However, this result depends on the particular case considered and cannot be generalized. It is important to note that the unrealistic uncoupled analysis leads to a lower pore pressure prediction in the long term. This is a result of the implicit assumption of infinite skeleton stiffness in the uncoupled calculation, leading to higher dissipation rates than the coupled analysis.
Glen Shira Dam
The Glen Shira Dam is a 16 m-high dam with a centered thin reinforced concrete wall. The embankment is mainly made of compacted well-graded non-plastic moraines. A rockfill shell covers the upstream slope of compacted moraines to increase the stability of the upstream shoulder. A detailed description of the dam and its materials is provided in Paton and Semple (1961) . The maximum cross-section of the Glen Shira Dam is shown in Fig. 3 .
The dam was expected to experience fast drawdown rates because the reservoir operated following a pumping storage scheme. In order to evaluate the pore water pressure distribution inside the upstream shell, five porous stone disks installed with piezometers were placed as shown in Fig. 3 .
Several calculations under saturation and unsaturation conditions were performed with the following hypotheses: Case 1, a pure flow analysis, in which the soils were considered rigid; Case 2, an instantaneous drawdown at the maximum intensity, followed by pore water pressure dissipation, with the soils simulated as elastic materials; Case 3, a coupled analysis, in which the soils were considered elastic; and Case 4, a coupled analysis, in which the soils were considered elastoplastic following the BBM model (Alonso et al., 1990) . The parameters used for modeling were estimated according to Paton and Semple (1961) , as shown in Table 1 .
The Glen Shira Dam is especially interesting because the permeability of the compacted moraine (around 10 À8 m/s) is an intermediate value between those of the impervious clay and a free-draining material. One may wonder to what extent the classical hypothesis for drawdown analysis (undrained analysis or pure flow analysis) approximates the actual behavior. This will be discussed later. Fig. 2 . Pore water pressure evolution after instantaneous drawdown at point P B .
The modeling of dam construction was conducted in simple steps. The initial conditions defined by the initial preconsolidation mean stress (p * 0 ) and initial suction (s 0 ) are given in Table 1 . Fig. 4 shows a comparison between the calculated evolution of pore water pressures and corresponding measurements of three piezometers, with the pore water pressure given in terms of the water head above the riverbed elevation.
Results of Case 3 show satisfactory agreement with measurements. The pattern of recorded pore water pressures and the smoothing effect induced by the soil stiffness and permeability are well captured by the model. Better agreement between measurements and calculations probably requires the consideration of certain field heterogeneity in permeability and/or soil stiffness.
We also compared the performance of the different analysis methods listed above. Considering first the hypothesis of an instantaneous drawdown in Case 2, the calculated pressure drop is indicated in Fig. 4 by means of a vertical bar. A (coupled) dissipation process was calculated, and the progressive decay in pore water pressures was also plotted. If compared with the actual pore water pressures measured at the end of the real drawdown period, the hypothesis of an instantaneous drawdown leads to an extremely conservative and unrealistic situation in piezometer 2.
Considering now the opposite calculation method, the pure flow analysis in Case 1, Fig. 4 indicates that the predicted pore pressures are lowest if compared with the remaining analysis methods. Calculated pore water pressures closely follow the variation of the reservoir water level. The damping effect associated with the soil compressibility is absent. When the water level increases at the end of the drawdown test, the pure flow analysis indicates, against the observed behavior, a fast recovery of pore water pressures within the embankment.
The elastoplastic effect can be evaluated through comparison of cases 3 and 4. The difference in terms of the pore water pressure evolution is not significant. This result can be explained if the stress paths during construction, reservoir impoundment, and drawdown are analyzed. The loading applied during construction due to the weight of compacted layers determines the size of the yield surface. Once the dam construction is completed, reservoir impoundment leads to a reversal of the stress path, which enters the elastic zone. A drawdown leads to a new sharp reversal of the stress path and an increase of deviatoric stresses. However, at the end of the drawdown, the stress path may remain inside the elastic locus. The possibility of inducing additional plastic strain during the drawdown depends on the geometry of the dam cross-section and the constitutive behavior of the materials involved. The Glen Shira Dam has stable geometry because of the low upstream slope and relatively low shear stresses inside the dam. In addition, the granular shell material has a high friction angle of 35 and a relatively high elastic stiffness. These factors lead to insignificant plastic strains during the drawdown. However, under different circumstances, the plastic strain may develop during a drawdown, affecting the change of pore water pressures.
Canelles landslide
The Canelles landslide was described in more detail in Pinyol et al. (2012) . During a long period of time (more than 10 years), the Canelles Reservoir (Spain) was maintained at a high water level. Fig. 5 shows the time evolution of the Fig. 3 . Maximum cross-section of Glen Shira Dam (Paton and Semple, 1961) . A representative geological cross-section of the slope is shown in Fig. 6 . A siltstone and limestone stratum (40 m thick) and a limestone stratum (15e25 m thick) are above a thin Garumnian claystone stratum (1e2 m thick). Below this clayey stratum, a massive sandstone stratum (35e55 m thick) provides the lower limit for the slide.
The landslide occurred within a sequence of sedimentary rocks. The sliding surface was determined based on a detailed analysis of continuous cores recovered in deep borings and limited information provided by inclinometers installed at the beginning of 2007. The development of the sliding surface follows a large syncline structure inside the continuous and relatively thin and weak claystone layer. The position of the sliding surface is also indicated in Fig. 6 .
The properties of the clayey soil where the failure surface was located were investigated in the laboratory using natural and remoulded samples, of which the liquid limit w L ranged from 54% to 57%, and the plasticity index PI ranged from 26% to 31%. Since the landslide was a reactivated slide, the residual strength was measured with the ring shear equipment. The residual friction angle at the sliding surface was determined to be 12 e13 for the normal effective stress of 100e250 kPa. The sliding surface was often located at depths of 50e100 m, and therefore, normal effective stresses prevailing in situ were substantially higher (800 kPa in average) than those in the testing range. In addition, previous normal stresses, both of lithostatic and tectonic origins, might have also reached higher values than present values. Therefore, the in situ friction angle at the failure surface was probably smaller than the values measured in the laboratory, and thus, a likely in situ value was estimated to be 10 e12 (Stark and Eid, 1997; Alonso, 2005) . The permeability of the clayey soil was also measured: k ¼ 4.2 Â 10 À10 m/s and 4.9 Â 10 À11 m/s for the two undisturbed specimens. This set of results guided the selection of parameters in the following analysis.
The causes of the landslide development were investigated. Vibrating wire piezometers used for measuring the pore water pressure were installed at the positions of borings in November 2007, indicated in Fig. 6 , with three or four sensors installed in each boring in the vicinity of the sliding surface. Three sensors of a piezometer were installed at the elevations of 410, 420, and 430 m, respectively, in the boring SI 2-2; two of them were located in the lower sandstone stratum, and one in the clayey stratum. Fig. 7 shows the piezometric measurements at the boring SI 2-2 and the reservoir water level.
The examination of all piezometric measurements leads to the following conclusions: (1) the hydraulic behavior of the Garumnian claystone stratum seems to be independent of the lower sandstone stratum; (2) the pore water pressure in the sandstone stratum, except for the upper part of the slide, immediately follows the water level variation in the reservoir, which is an indication of high permeability of sandstones; and (3) the pore water pressure remains essentially constant in the clayey stratum, independent of the water level variation during the first seven months of measurements when the reservoir water level is lower than 460 m, indicating the difficulty of dissipating or increasing the pore water pressure within the clayey stratum where the sliding surface is located, which also demonstrates the low in situ permeability of the clayey stratum.
The pore water pressure distribution in the slope was calculated by means of Code_Bright. The representative section shown in Fig. 6 was reproduced. In order to simplify the model, the actual sequence of stratification above the clayey stratum was not distinguished in detail. The mobilized zone was characterized as a unique material.
The constitutive behavior of the materials was characterized by means of a linear elastic law. This simplification is assumed to be acceptable, when taking into account the limited elastoplastic effect on the drawdown-induced pore water pressure, as discussed above. Table 2 indicates the parameters introduced for calculation. The compressibility and permeability of the clayey soil were defined according to the laboratory results. The rest of the parameters were estimated according to typical values due to the lack of data. The change of reservoir water level was simulated with the coupled hydro-mechanical model from September 2002 to January 2010. The effect of rainfall was incorporated into the model for simulating water inflow corresponding to the mean annual precipitation of 400 mm in the region. Fig. 8 shows the comparison between measurements of a piezometer in the boring SI 2-2 and simulated results. Pore water pressures measured within the lower sandstone stratum, which precisely follow the water level variation, are captured by the calculation. This is a consequence of correctly choosing the permeability of sandstones. Pressure measurements at the boring SI 2-2 within the impervious clayey stratum, which are especially important for the subsequent calculation of the safety factor, have been simulated quite satisfactorily. Pressures are lightly overestimated at the low reservoir water level.
The same model was used to calculate the pore water pressure distribution in 2006 when the reservoir water level reached a minimum value. The pore water pressure distribution was later used to calculate the safety factor by means of the limit equilibrium procedure (the Morgenstern-Price method). Two critical drawdown events on September 26, 2005 and August 21, 2006 were analyzed. The safety factors obtained for a friction angle equal to 10 were very close to 1 (1.04 and 1.09, respectively). These values indicate that the two drawdown events were quite critical with regard to the stability of the slide. Although both safety factors were higher than 1, a failure was observed. This discrepancy can be explained when taking into account the fact that piezometric measurements (at the boring SI 2-3) indicated higher pore water pressure values in the upper part of the landslide, which could not be reproduced by the hydro-mechanical model. These higher values were probably a consequence of the groundwater inflow or runoff from the upslope, not included in the model. Despite this minor discrepancy, it is concluded that the failure was a result of the rapid drawdown and the low reservoir water level in the summer of 2006.
Conclusions
The stability of slopes and earth dams may be precarious when subjected to a drawdown. The assessment of slope stability under different initial conditions and water level evolution in time requires predicting the pore water pressure evolution in the slope. The discussion presented in the paper, based on a homogeneous slope, demonstrates that simple analysis, assuming undrained behavior or pure flow (without taking into account soil deformation), leads to erroneous solutions in terms of the pore water pressure distribution. It is not possible to know which one of the two simplified analyses is a conservative approach, in terms of slope stability against failure.
A coupled flow-deformation procedure is presented as an appropriate approach to handling the drawdown scenario in a consistent manner. Two real cases affected by a drawdown were analyzed in this study using a coupled hydro-mechanical finite element code. A significant case is the behavior of the Glen Shira Dam when subjected to a controlled drawdown. The agreement between measurements and numerical results is quite strong when coupled effects are included.
The case study of the Glen Shira Dam shows that the classical analysis methods fall far short of explaining the recorded behavior. The method of instantaneous drawdown or undrained analysis is conservative, but very unrealistic. At the opposite extreme, the pure flow analysis leads to a systematic and unsafe underestimation of pore water pressures during the drawdown. Coupled analysis captures the actual measurements well. In the case of the Glen Shira Dam, plastic strain during the drawdown was probably non-existent, and the simpler elastic approach provided a good approximation of recorded pore water pressures.
Another case is a large slope failure observed in the left margin of a reservoir. The failure was detected after a drawdown. After a geological and geotechnical investigation, the slope was modeled. Then, the evolution of the reservoir water level was simulated, and the effect of rainfall was incorporated into the model. Pore water pressure measurements were unavailable previous to the failure. However, piezometers were installed later, and measurements were used to validate the model. The calculated pore water pressure distribution after the drawdown can explain the failure observed.
